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Abstract  
The next-generation of fast time-of-flight detectors, with expected time resolutions  10 ps and space resolutions  1 
mm, are attractive in many fields, including particle and nuclear physics, medical and industrial applications.  We 
show how precise timing and space resolution can be used to improve muon cooling measurement for muon collider 
studies, TOF spectrometry, and particle identification in general collider detectors. Results of simulation studies are 
presented. 
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1. Research Background  
A next-generation of fast time-of-flight (TOF) detectors with excellent time and space resolutions has 
been developed in recent years. Low-cost and large area detectors are expected to become available for 
testing and early application in the next few years. A prototype detector is being built by Large Area 
Picosecond Photo Detector (LAPPD) collaboration [1]. This detector has the size of 40 cm  60 cm, with 
a Cherenkov radiator and a pair of MCPs. A demonstration test of detector performance is expected to 
show time resolutions of less than 10 ps and space resolutions of less than 1 mm. Such detectors are being 
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considered for use in muon cooling experiments for muon collider studies and particle identification (PID) 
in collider detectors. Applications of fast TOF detectors are presented in this paper. 
2. Muon Cooling Test 
High performance muon cooling channel is essential to design the muon beam facility for high energy 
physics. The first Muon Ionization Cooling Experiment (MICE) [2] is underway in the U.K. Muons are 
produced by pion-decay in flight, being separated from protons and pions by means of two dipoles. The 
MICE beam line is designed for testing the ionization cooling with RF cavities and Liquid hydrogen cells. 
The momentum of each muon in momentum range of 140-250 MeV/c is measured by using 
superconducting solenoid spectrometers with two TOF counters. Trackers of scintillation fibers (SciFi) in 
the spectrometers have space resolution of 0.5 mm. The current MICE TOF detectors have space 
resolution of 17 mm and time resolution of 60 ps. 
2.1. Study of TOF detectors with MICE solenoidal spectrometer 
The MICE experiment is being developed in steps. The current setup of MICE experiment is shown in 
Fig. 1. In the step II configuration, there is one solenoidal spectrometer with TOF counters upstream and 
downstream of the solenoidal spectrometer. The SciFi trackers inside the solenoid consist of 5 
scintillating fiber planes. The Pb diffuser is installed to produce initial emittances. The purpose of this 
step II setup is to demonstrate the emittance measurement of the muons after the diffuser with the 
detection system and show if its performance is enough to observe the cooling effect of liquid hydrogen 
cells that will be installed in the next step. 
 We performed a simulation of muon momentum measurement for the Step II configuration by using a 
Geant4-based g4beamline code [3], in order to investigate the momentum resolutions for the Step II 
configuration with the current TOF counters as well as the dependence of the momentum resolutions on 
various time and space resolutions of TOF counters [4]. We show the preliminary results for the cases in 
which the LAPPD TOF counters are placed at the positions of TOF1 and TOF2. 
 
 
Figure 1: Schematic layout of MICE step II configuration 
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Figure 2 shows the result of simulation for (a) transverse and (b) longitudinal momentum resolutions, 
in case with the current MICE TOF counters (#1 black), one LAPPD TOF counter replaced as TOF2 (#2 
red), and two LAPPD TOF counters (#3 blue). The multiple scattering in matters on the beam line may 
limit the improvement of momentum resolution that we expected at the beginning of this simulation. The 
results show about 20% improvement in the Pz resolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2. Non-magnetic TOF spectrometer 
While we were performing the simulation, we became interested in a new method to measure the 
momenta of muons without magnets. The non-magnetic TOF spectrometer is based on the relation to the 
particle’s velocity, v = s / t, directly. The momentum is simply derived from the flight time (t) to travel 
the distance (s). For relativistic particles, the velocity approaches c with increasing momentum, and thus t 
must be measured more precisely to determine v to a given precision. The momentum and the error on the 
momentum determination in terms of the time of flight are described as follows, 
 
 
(1) 
 
where P and m0 are the momentum and rest mass of particle,  and  are the Lorentz factor and velocity in 
terms of velocity of light, and s and t the spatial and time resolutions for the detectors, respectively.  
   
Figure 3 shows the momentum resolution for a non-magnetic TOF spectrometer when the particles hit the 
center of the both detectors, which are separated by 2 m and have intrinsic time resolution (t). The fast 
TOF detector with t  10 ps has about 1% or even less momentum resolution. 
 
 
 
 
 
 
 
 
Figure 2: (a) PZ resolution vs. PT, and  (b) PT resolution vs. PZ for case #1 (black), case#2 (red), and 
case #3 (blue). 
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       Figure 3: Momentum resolution of non-magnetic TOF spectrometer with various TOF resolutions for 
incident beam momenta of 200, 300 and 400 MeV/c. 
 
 
A more practical non-magnetic TOF-based spectrometer is shown in Fig. 4. The spectrometer has an 
upstream arm and a downstream arm. Each arm consists of two TOF detectors (red) and two sets of wire 
planes (yellow), recording x and y space coordinates for measuring the scattering angle and but no time 
information. The system could be tested for measuring scattering or reaction cross sections or a muon 
cooling channel. The resolution for one arm has been obtained by simulation for a beam of 200-MeV/c 
muons and 1 m separation between TOF planes. Each TOF planes has been assigned 10 ps time 
resolution and 0.3-mm space resolution. The material assigned to the TOF planes is 1 cm of glass. Track 
fitting is done using the g4beamline function. The fitting procedure is described in Reference [5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Layout of two arm non-magnetic TOF spectrometer for development of muon cooling channel  
     
      The results of the fits are shown in Fig. 5. The time resolution is obtained from the distribution of the 
difference between the true time and the time resulting from the fit. The observed time resolution is 15.8 
ps, slightly larger than the input resolution of 10 ps, due to the dispersion in arrival times caused by 
energy loss in the material in the TOF planes. The momentum resolution is 2.4 MeV/c or 1.2%. This is 
consistent with the analytical value in Fig. 3. 
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       Figure 5:(a) Time and (b) momentum resolutions for the downstream arm of the spectrometer setup. 
Energy loss straggling in the materials is a factor that worsens the momentum resolution. The 
momentum distribution has a low momentum tail due to events in which the muon loses an anomalously 
large amount of energy as a result of collisions in which an electron is knocked out of the material by the 
incident particle. The delta-ray effect was computed with 200-MeV/c muons passing through the two-arm 
TOF spectrometer. Figure 6 shows the result of simulation for momentum distributions of all muons and 
those muons tagged with knock-on electrons after the spectrometer. Most of muon events in the low 
momentum tail (P < 192 MeV/c) are accompanied by an electron. Thus one can reduce the low 
momentum tail by elimination of events accompanying an electron. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Figure 6: Momentum distributions for events of all muons and tagged with delta rays. 
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3. Collider experiment 
The fast TOF detectors provide an improvement in the particle identification in conjunction with 
various detectors in high energy physics. In collider experiments, the TOF measurement is useful to 
discriminate each charged particle produced at the beam collision point, especially at low energies. For 
example, the current TOF detectors apply to /K separation typically up to 2 GeV/c, according to the 
ALICE collaboration at CERN [4]. 
The particle identification for /K separation with various TOF resolutions was simulated with the 
g4beamline. Figure 7 shows timing spectra for events of K, , proton and electron with momenta up to 2 
GeV/c. Figure 7(a) is a result for typical TOF detectors with 200-ps timing resolution (t). The result 
obtained when the TOF resolution goes down to 5 ps is shown in Fig. 7(b). One can see that the 
separation between  events and K events are clearly improved by using high resolution TOF detectors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Particle identification for K, , proton and electron by using TOF detectors with timing 
resolutions of (a) 200 ps and (b) 5 ps 
 
 
The PID ability relies on the time resolution of the TOF system. The TOF spectrometer provides the 
flight time t=l/c, =p/  for charged particle identification, where c is the velocity of light, m 
is the mass of charged particle,  is the flight velocity of charged particle, L and p are the flight path and 
the momentum of charged particle, respectively. If charged particles of different mass (m1, m2) have 
different velocities (v1, v2) at the same momentum, so together with the momentum measurement, the 
detection system gives the mass difference of particles by t = l/v1 – l/v2  lm2/2cp2 (for p » m). The PID 
ability can be defined by t/t for events of two different particles with the same momentum. 
Figure 8 shows the dependence of maximum momentum for -K separation on the TOF resolution, 
using L = 1.5 m (blue), and L = 2.0 m (red), where L is the distance between two TOF detectors. The 
current generation of TOF detectors with 60-ps timing resolution in the ALICE experiment, for example, 
provides 3 /K separation up to 2 GeV/c. One can expect that the momentum range extends up to ~8 
GeV/c if the TOF resolution goes down to ~6 ps. 
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Figure 8:Maximum momentum with the PID ability of 3 -K separation calculated for various timing 
resolution 
 
4. Summary 
 
In conclusion, the new generation fast time-of-flight detectors have various applications in nuclear 
experiments and particle experiments. An early capable application could be a measurement of muon 
emittance for muon cooling tests. Secondly, it will be useful in general-purpose detectors for collider 
experiments to measure the TOF for particle identification. Because of the large areas expected for the 
LAPPD-type detectors, it would be feasible to cover the outer surface of a large TPC to extend the 
momentum range for particle discrimination such as /K. 
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